R e c e n t investigations h a v e shown t h a t mice, rhesus m o n k e y s (1), Syrian h a m s t e r s (2, 3) a n d developing chick e m b r y o s (4) are susceptible to infection with t h e W e s t Nile virus (1), and we (5) h a v e briefly m e n t i o n e d elsewhere t h a t this virus can be p r o p a g a t e d with facility in tissue cultures of the M a i t l a n d type.
T h e present report deals with the multiplication a n d persistence of the virus in tissue cultures a n d t h e effect of prolonged i n ~itro c u l t i v a t i o n on the p a t h o g e n i c properties of the virus.
Material and Methods
Virus Strain.--The M-956 strain, obtained from Dr. Smithburn, was used. Infected mouse brains, representing the 138th mouse brain passage of the virus, were ground in a mortar with sufficient 10 per cent normal human serum-broth to make a 10 per cent suspension. The superuatant fluid obtained after angle centrifugation at 1500 R.P.~. for 15 minutes was passed through a Seitz EK pad, and the filtrate was used to initiate the culture series. Culture flasks were seeded with 0.5 ml. amounts of the filtrate.
Tissue Cultures.--Cultures were prepared in 50 ml. Erlenmeyer flasks closed with cork stoppers covered with tin foil. The fluid portion of the medium consisted of 4.0 ml. of Tyrode's solution containing 10 per cent of normal human serum free of demonstrable neutralizing antibodies to the West Nile virus. The tissue component consisted of 0.05 to 0.1 gin. of finely minced tissue obtained from mouse embryo brain, whole mouse embryo, whole chick embryo, or chick embryo without the central nervous system. Six flasks, usually, were seeded at each passage, the inoculum consisting of 0.1 ml. of a 10 -1 dilution of centrifuged supernatant fluid from the preceding passage. The cultures were kept at 37 °, and passages were made at 3 to 4 day intervals.
Cultures were tested for the presence of virus at each passage. The fluid from several flasks was pooled and centrifuged, and the superuatant fluid was inoculated intracerebrally into a group of 6 Albino Swiss mice 4 to 6 weeks of age.
Tests for Pathogen~ity of Culture Virus by Extraneural Routes.--The ability of the virus to
induce fatal infection on extraneural inoculation was tested in mice at several culture passage levels, and in hamsters at 2 passages at the close of the experimentalwork.
The contents of several culture flasks were pooled and centrifuged at 1500 R.I,.,~. for 15 minutes in an angle head. The superuatant fluid was carefully drawn off and used to prepare * The work on which these observations are based was conducted with the support and under the auspices of the Service for Studies and Research in Yellow Fever, which is maintained jointly by the Ministry of Education and Health of Brazil and the International Health Division of The Rockefeller Foundation. 181 PATHOGENICITY 01~' WEST NILE VIRUS a series of tenfold dilutions in human serum-Tyrode's solution. Each dilution was inoculated "extraneurally" into mice ot 3, 8, 14, 21, and 28 days of age (6, 7) , that is to say presumably without penetration into the nerves, and intracerebrally into 28-day-old mice for comparison with the results of extraneural inoculation. Three-day-old mice were inoculated subcutaneously between the shoulders, the older mice intraperitoneally. Groups of 6 mice were used for each dilution, and the inoculum was held constant at 0.03 ml. regardless of the route of inoculation. Mice were kept under observation for 14 days in the early passages and for 21 days in the later passages; and the number of specific deaths occurring within these periods was used to compute the 50 per cent mortality end-point titer (8) of the virus. When titrations were done in hamsters, each virus dilution was inoculated into 2 animals. Hamsters 4 to 6 weeks of age, with an average weight of 48 gm., were used. Animals inoculated intraeerebrally received 0.1 ml; those inoculated intraperitoneally received 0.25 ml. The inoculated animals were kept under observation for 21 days, and the 50 per cent mortality end-point titer of the virus was calculated from the specific deaths occurring within this interval.
RESULTS
Since it was not known at the beginning of the work what type of tissue component would provide the optimal pabulum for the virus, cultivation was initiated and continued in 4 parallel series of cultures in which the tissue was derived from minced mouse embryo brain, whole mouse embryo, whole chick embryo, and chick embryo from which the central nervous system had been widely cut away. Intracerebral inoculation of mice at each passage indicated that virus was present, and apparently multiplying, in the cultures of each series. At the 10th passage, pooled supernatants of each type of culture were titrated for virus content by intracerebral inoculation into mice; the LDs0 titers of the virus were found to be 10 -4-5°, 10 -4.3°, 10 "-4.25, and 10 -2° for cultures containing tissue from mouse embryo brain, whole mouse embryo, whole chick embryo, and chick embryo without the central nervous system, resspectively, indicating that any of the tissue components used would serve equally well for propagation of the virus.
The use of chick embryo tissue without the central nervous system was adopted, however, on the theory that attenuation of neurotropism might be favored by continued cultivation of the virus in a medium containing only minimal amounts of nervous tissue; it will be recalled that the attenuated 17D strain of yellow fever virus (9) was derived from the pantropic Asibi strain by prolonged in vitro cultivation of the latter in such a medium.
Up to the present time the virus has been carried through 80 passages in culture media containing chick embryo tissue without the central nervous system, and the data presented here are based on the use of virus propagated in this type of medium.
Rate of Propagation and Pe, iod of Survival of the Virus.--On several occasions it was observed that the virus appeared to persist in the cultures for unusually long intervals. Since in the Maitland type media viruses tend to die out rather quickly after reaching their peak concentration (see reference 10), the rate of propagation and period of survival of the virus was thc~fore investigated. Fifty-seven flasks of culture medium were inoculated with 300 intracerebral mouse LD~ each of 29th passage virus. The flasks were tightly stoppered and set to incubate at 37 ° . The virus content of the fluid and of the tissue was determined daily during the first 10 days, and on the 13th, 15th, 17th, 20th, 25th, 32nd, and 42nd days after inoculation. 10 -7.'e 16 6/6 6/6 6/6 6/6 1/6 1/6 0/6 0/6 10 -~.7o 26 6/6 6/6 6/6 5/~ 2/6 0/5 0/6' 10 -s-~s 36 6/6 6/6 6/6 5/6 4/6 0/6 0/6! 10 ~.zo 50 6/6 5/6 6/6 3/6 ~ 1/6 0/6 0/6' 10 ~.oo 68 6/6 5/6 1/6 0/6 1/6 0/6 10-t.6o 0 I 6>6i 6/6 6/6 6/6 6/6"'6/6 0/5] 10 -8.6. 16 6/6 6/6 6/6 6/6! 3/6} 0/6} 0/6' 0/6 10 "~.°° intmperitoneal; S.C. == subcutaneous. mice which died/number inoculated (less those dead of the 2 culture components tended to parallel each other. The virus reached its maximal concentration in the culture fluid on the 4th day and in the tissue on the 5th day, and thereafter fell abruptly to a level which remained roughly the same during the succeeding week or so. Following this period of relative stability, there was a further decrease in titer, rapid at first and then more gradual, until at 42 days, when the experiment was terminated, the undiluted culture fluid was no longer lethal for mice, although the tissue still contained an appreciable amount (LD60 = 10 -'Ls°) of virus. Virus, at least in lethal concentrations, disappeared from the culture fluid at some time between the 32nd and 42nd days. Viruses, on the whole, fail to survive more than about 2 weeks in media of the Maitland type (10) , so that the persistence of the West Nile virus for at least 32 days represents an unusual situation. So far as we are aware, the only other instance of a virus persisting over a long interval in a suspended cell culture medium is that reported for rabies virus, which was found to survive at least 50 days (11) .
Pathogenicity of Culture Virus for M/ce.--The pathogenicity of the culture virus for mice was tested at several passage levels. Mice of various ages from 3 to 28 days were inoculated extraneurally with dilutions of the culture fluid, and 28-day-old mice were inoculated intracerebrally with the same materials as controls. The results are summarized in Table I .
Considering first the results of the intracerebral titrations, it will be observed that while the maximum concentration reached by the virus in the cultures was considerably lower that that attained in mouse brain, it was essentially the same at each of the passages tested, from the 16th to the 68th; the difference between the highest and the lowest intracerebral LD60 titers was only tenfold, or one dilution, and within the experimental error of the method. Passage of the virus through 68 culture generations, therefore, did not diminish its lethal effect for mice on cerebral inoculation.
The results of the intraperitoneal inoculations, however, showed that the capacity of the virus to kill by this route had definitely been affected by cultivation in vitro.
The effects of cultivation on the extraneural pathogenicity of the virus were first apparent in 21-and 28-day-old mice. Since resistance to intraperitoneal inoculation of the West Nile virus appears at about 21 days of age and is increased by 28 days (6), it might be expected a priori that any trend toward a decrease in pathogenicity would be detected first in animals with some natural resistance.
So far as can be judged from the mortality ratios, irregular because of the resistance factor, the virulence of 16th culture passage virus for 28-day-old mice did not differ very greatly from that of the mouse brain virus. By the 26th passage, however, the virus was able to kill only a few mice, and then only in the highest concentrations; the LDs0 titer was 10 -°'2°, compared with approximately 10-~.3° at the 16th passage. At the 36th and 50th passages, undiluted culture fluid killed only an occasional mouse, and at the 68th passage failed to kill any.
The findings with early passage virus in 21-day-old mice are more difficult to interpret because of the aberrant results obtained with 36th passage virus. The virulence of the virus appeared to be low as early as the 16th passage, and to have been further reduced by the 26th passage. At the 36th passage, however, the titer apparently had increased to 10 -3'°°. It would seem that the titration results with 36th passage virus may be due to experimental error, since undiluted virus of the 50th and 68th passages killed only 1 mouse of 6, or failed to kill any, thus representing the final end result of the downward trend in virulence indicated to exist in the earlier passages.
The virulence of the virus for 14-day-old mice appears to have been unaffected during the first 36 passages. During the course of the next 14 passages, the ability of the virus to infect by the intraperitoneal route was almost completely abolished. At the 50th passage only one mouse succumbed in each of the first 3 virus dilutions, the LDs0 titer thus being less than 10 °.° as compared with 10 -s-66 at the 36th passage. The practically complete attenuation of the Virus was confirmed at the 68th passage, when undiluted culture fluid killed only 1 of 6 mice.
The virus retained its virulence for 8-day-old mice through 50 passages. The LDs0 titer of 10-3.00 at the 50th passage was slightly lower than the titers obtained at the earlier passages and may quite possibly point to a beginning attenuation of the virus. In any case, the first definite evidence of loss of virulence for 14-day-old mice appeared at the 68th passage, at which level the intraperitoneal LD~0 titer had dropped to 10 -1.s°.
Passage of the virus through 68 culture generations had no effect on its ability to produce fatal infections in 3-day-old mice by the subcutaneous route. However, since the data presented above indicate that the number of passages required to attenuate the virus bears an inverse relationship to the age (i.e., susceptibility) of the test animal, it appears not improbable that with continued passage the virus might eventually become completely avirulent for 3-day-old mice by extraneural routes, as has happened in the case of high passage level 17DD yellow fever virus (5).
Pathogenicity of Culture Virus for
Hamsters .--To ascertain whether the virulence of the virus for other species had been affected, Syrian hamsters were inoculated with virus derived from low and high level culture passages. No tests were done in rhesus monkeys, since this species is refractory to peripheral inoculation of large amounts of potent mouse brain virus (1) .
The results of pathogenicity tests in hamsters are given in Table II . In the first experiment 12th passage and 77th passage virus was titrated simul-taneously by the intraperitoneal route. As is shown in Table II , the 12th passage virus was uniformly lethal to all the animals through the 10-* dilution and killed 1 of 2 animals in the 10-3 dilution, while the 77th passage virus killed only when used undiluted.
A second experiment was done, in which llth passage and 79th passage virus was titrated in parallel by the intraperitoneal and intracerebral routes. Table  II shows that the 1 lth passage virus was almost as lethal by the intraperitoneal route as by the intracerebral, the LDs0 titers being 10 -3.e° and 10 -4.~° respectively. The 79th passage virus on the other hand, while as lethal by the cerebral route as the llth passage virus, failed to kill a single animal when inoculated by the intraperitoneal route, even in the highest concentration.
Continued cultivation in dirt, therefore, had rende.red the virus completely, or almost completely, avirulent for hamsters on extraneural inoculation.
COMMENT
The West Nile virus was found to grow with equal facility in. suspended cell culture media containing tissue derived from any of four sources--mouse embryo brain, whole mouse embryo, whole chick embryo, or chick embryo without the central nervous system. The use of chick embryo without the central nervous system was adopted for routine cultivation, and it was observed that in this medium the virus persisted for at least 32 days, an unusually long survival period in suspended cell culture media, and one exceeded, so far as we are aware, only by that reported for rabies virus (50 days) (1!).
The choice of tissue component was based on the premise that the relative absence of nervous tissue might favor attenuation of the virus. Whether the results obtained can be attributed to this factor, however, is uncertain, since control data based on the use of other types of tissue component are lacking. Whatever the underlying cause may prove to be, the experiments reported here confirm and extend the observations of others that the pathogenic properties of some viruses can be fundamentally altered by in vitro cultivation, and they show in addition that the changes, representing a marked or even complete deviation of a virus from what is considered its normal behavior, may remain inapparent indefinitely if examination of the virus is confined solely to its activity on cerebral inoculation.
Thus, the lethal effect of the West Nile virus for mice and for hamsters by the intracerebral route remained essentially unchanged during 79 culture passages. However, the possibility that continued exposure to the environmental conditions associated with culture media may nevertheless have exerted some influence on the action of the virus, an influence resulting in a change more subtle than that of a diminution in the lethal end point, was suggested by an increase in the average survival time of mice inoculated with high passage virus over that observed in animals receiving low passage virus; the average survival time of mice inoculated with 79th culture passage virus, for example, was from 1 to 2 days longer, depending on the virus concentration used, than that of animals inoculated in parallel with 11th passage virus.
Maintenance of the virus in culture media, on the other hand, resulted in a marked attenuation of its ability to kill mice on extraneural inoculation. A decreased virulence of the virus by the intraperitoneal route was obvious as early as the 26th passage when 21-to 28-day-old mice were used, and by the 50th passage the virus was almost entirely avirulent for animals of this age. The intraperitoneal virulence of the virus for 14-day-old mice was unaffected during the first 36 passages, but a loss in virulence occurred in the course of the succeeding 14 passages, since 50th passage virus killed only an occasional animal. In contrast to this practically total lack of pathogenicity for 14-day-old mice, the virus at this passage level still retained its full capacity to kill 8-day-old and 3-day-old mice. Continued passage, however, began to affect the ability of the virus to kill 8-day-old mice, a considerable decrease in virulence being apparent at the 68th passage; at this passage level, the highest tested by extraneural routes, there was no indication that the virulence of the virus for 3-day-old mice had been affected by the prolonged cultivatian in ~/trO.
It appears, therefore, that aside from a small prolongation of the average survival time, the ability of the virus to induce fatal infections when placed in direct contact with susceptible nervous tissue was practically unchanged during the course of 79 culture generations; its ability to invade the central nervous system from peripheral situations, however, was markedly altered.
The loss in virulence on peripheral inoculation seems to have begun after relatively few passages and thenceforth to have continued at a gradual rate. Attenuation was first detected by the use of older animals, in which a certain degree of resistance to infection by peripheral routes is akeady present (6), and with continued passage the virus progressively lost its ability to kill mice in the younger, more susceptible age groups. In general, the experiments indicated that the number of passages required to produce attenuation bore an inverse relationship to the age (degree of susceptibility) of the test mice.
Propagation of the virus in vitro affected the virulence of the virus not only for mice but for hamsters as well. Unfortunately, the virus was not tested routinely in hamsters, so there is no information as to the passage level at which attenuation for this species began, or as to the extent of the attenuation or the number of passages required to produce complete avirulence. Mter 79 culture passages, however, the virus apparently was incapable of killing by the intraperitoneal route, even when used undiluted, although its virulence by the intracerebral route was undiminished.
By means of in vitro cultivation, then, a strain of West Nile virus has been obtained whose ability to invade the central nervous system from peripheral sites in both animal species susceptible to extraneural inoculation has been practically completely lost, while its neurotropic affmities apparently have been retained without significant change.
SUMMARY
The West Nile virus was cultivated in suspended cell culture media employing several different tissue components, and it has been observed to survive in culture for at least 32 days.
Continued propagation of the virus in vitro resulted in a change in its pathogenicity. The change lay in a marked reduction or a complete loss of the ability of the virus to produce fatal infections in mice and in hamsters on peripheral inoculation, although there was no obvious simultaneous alteration in the lethal effect of the virus by the cerebral route.
In mice, the extent to which invasiveness was lost depended upon the passage level of the virus and the age of the test animals. The younger (and more susceptible) the mice, the greater the number of passages which was required to diminish the virulence of the virus by peripheral routes; after 68 passages, the virus still retained its full capacity to kill 3-day-old mice, while its ability to kill 8-day-old mice was reduced and its ability to kill mice 14 or more days of age was essentiaUy abolished. How soon the loss of pathogenicity occurs in hamsters has not been determined.
Prolonged cultivation rendered the virus avirulent for hamsters by the intraperitoneal route.
